The results are reported of an energy analysis of a biomass/coal co-firing based power generation system, carried out to investigate the impacts of biomass co-firing on system performance. The power generation system is a typical pulverized coal-fired steam cycle unit, in which four biomass fuels (rice husk, pine sawdust, chicken litter, and refuse derived fuel) and two coals (bituminous coal and lignite) are considered. Key system performance parameters are evaluated for various fuel combinations and co-firing ratios, using a system model and numerical simulation. The results indicate that plant energy efficiency decreases with increase of biomass proportion in the fuel mixture, and that the extent of the decrease depends on specific properties of the coal and biomass types.
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Introduction
Fossil fuels such as coal, natural gas, and petroleum, despite being non-renewable energy resources and contributing to challenges such as climate change, are still the dominant global energy sources. As of 2008, they accounted for 81% of the global total primary energy supply [1] . It would be difficult to replace the fossil fuels in the near future. Coal, based on known deposits, is expected to last for at least 119 years if consumed and produced at the current rates [2] . Coal-fired power plants accounted for 41% of global electricity production in 2006 and are expected to account for 44% in 2030 [3] .
Depleting supplies of fossil fuels and growing greenhouse gas emissions have driven the global interest in sustainable and environmentally friendly energy systems. Co-firing, also known as co-combustion, is the process of burning two different types of fuels in the same combustor, often within a boiler. Biomass co-firing can be viewed as the partial supplementing of coal with biomass in coal-fired burners. Co-firing in existing coal-fired plants is advantageous as it can be implemented in a relatively short period of time and with small investment. Since biomass absorbs the same amount of CO 2 as is emitted during its combustion, biomass co-firing does not contribute to the greenhouse effect. Furthermore, most biomass fuels have lower sulphur and nitrogen contents than coal, so in many cases NO x and SO x emissions can be decreased by biomass co-firing. For these reasons, biomass co-firing with coal has gained great interest in recent years.
Extensive studies have been reported on the co-firing of biomass with coal. Experimental studies focus on evaluating the effects of co-firing on factors such as boiler performance, combustion characteristics, gaseous and particulate emissions. Energy analyses and modeling studies of such co-firing processes are limited, probably due to co-firing being a developing technology. An experimental analysis of a tangentially-fired co-pulverized boiler by Zuwala and Sciazko [29] show that co-firing of coal and bio-waste (up to 6.6% biomass and 9.5% sawdust by mass) has no adverse effect on boiler efficiency and reduces CO 2 and SO 2 emissions. However, slagging and fouling conditions are worse for co-firing rather than using coal alone. Huang et al. [30] use the ECLIPSE process simulator on a pressurized fluidized bed combustion combined cycle power plant to examine An energy analysis is presented here of a biomass co-firing based conventional pulverized coal power plant. Various combinations of fuels and co-firing conditions are considered. The main objective is to investigate the impact of co-firing on key system performance parameters, such as boiler and plant efficiencies, net work output, and major losses. Results are obtained with a plant simulation using Engineering Equation Solver (EES).
Characteristics of Fuels
Four biomass fuels and two coals are considered. Table 1 contains the basic information about these feedstocks. The higher heating value (HHV) of biomass and the lower heating value (LHV) of coal are calculated as follows [31, 32] 
In equation 1, subscript b denotes biomass, while C, H, S, N, O, and A are the carbon, hydrogen, sulphur, nitrogen, oxygen, and ash contents of biomass in weight %. In equation 2, subscript c denotes coal, and n is the number of moles of the respective constituent. Figure 1 presents a schematic of the co-firing based power plant, modeled for the analysis. A direct co-firing configuration is employed because this is the most commonly applied co-firing configuration [36, 37] . Pulverized biomass mixes with pulverized coal in the fuel transport lines before the burners because co-firing at elevated ratios can be achieved by this type of mixing [31, 37] . Both air and the fuels enter the boiler at the environment temperature and pressure. Combustion takes place in the combustion chamber and the flue gases after exchanging heat with the feedwater exit through the stack. Superheated steam enters the high pressure turbine. After expansion through the first turbine, some of the steam is extracted from the turbine and routed to the open feedwater heater while the remaining is reheated to original temperature and expands through the low pressure turbine to the condenser pressure. The reheater pressure is ¼ of the original pressure. Steam and condensate exit the feedwater heater as a saturated liquid at the extraction pressure. The condensate leaving the condenser mixes with the feedwater leaving the feedwater heater and is then pumped to the boiler pressure.
System Configurations
Two boiler feed cases are considered. In both cases, the mass flow rate of coal at one particular cofiring condition for all combinations of fuels remains constant. The first case involves the same fuel flow rate and the calculations are on the basis of a unit fuel flow rate. The mass flow rate of coal is decreased from 1 kg/s to 0.70 kg/s in intervals of 0.05 kg/s, while that of biomass is increased from 0 kg/s to 0.30 kg/s. In the second case, heat input to the steam cycle is fixed at the value produced by the burning 1 kg/s of coal alone in the boiler. The mass flow rate of coal is decreased from 1 kg/s to 0.70 kg/s in intervals of 0.05 kg/s while the additional amount of biomass fuel needed to produce the required heat in the boiler is determined for each case. The operating temperature and pressure of all steam cycle components remain fixed for all co-firing conditions and for both cases considered. The steam flow rate to the cycle also remains constant in the second case but, in the first case, due to the changing feeding rate to the boiler, the mass flow rate of the steam produced varies at different co-firing conditions which consequently changes the energy flows at the inlet and outlet of all components. As a result, the net work output of the plant also changes at different co-firing ratios. Stream data for all components for both base coals (100% coal) are listed in Table 2 . 1 Vassilev et al. [33] . 2 Madhiyanon et al. [34] . 3 Vassilev and Vassileva [35] . 
Analysis
Assumptions
Typical values for parameters in the analysis are chosen from ranges in the literature, and the following assumptions are used:
 All components operate at steady state.  All gases are ideal.  Kinetic and potential energy effects are neglected.  Ambient air is 79% nitrogen and 21% oxygen on a volume basis.  An excess air of 20% is used, based on recommendations for excess air for pulverized boilers [38, 39] .  The temperature and pressure of the reference environment are 8 ˚C and 1.013 bar respectively.  80% of the ash in the combusted fuel exits as fly ash, and the remainder is collected as bottom ash [40] , which is inert.  The bottom ash temperature is 600 °C, based on values reported for pulverized boilers with dry bottoms [38] .  All the carbon and sulphur in the fuel are converted to CO 2 and SO 2 respectively [38, 41] .  NOx emissions from the combustion process are in the form of nitric oxide (NO) nitrogen dioxide (NO 2 ), and 96% of NO x emissions are through the formation of NO and 4% are through NO 2 formation [41] [42] [43] [44] [45] .  30% of the fuel nitrogen is converted to NO [42, 44] .  The formation of NO takes place through three paths: fuel bound nitrogen conversion, thermal fixation of atmospheric nitrogen at elevated temperatures (typically greater than 1500° C), and due to prompt formation resulting from the fast reactions within the flame zone involving nitrogen and fuel bound hydrocarbon radicals. Fuel, thermal, and prompt NO constitute 80%, 16%, and 4% respectively of total NO formed [41, 43] .  Radiation and convective heat losses through large boilers and unburned losses due to combustibles in the ash are each 1.5% of fuel energy input [38, 46] .  Flue gases leave the stack at 150 °C [38] .  All the components of the steam cycle have adiabatic boundaries.  The isentropic efficiency for each steam turbine is 85% and for each pump is 88% [40] .  The mechanical efficiency of each turbine and the generator efficiency are 99%, and 98% respectively [47] [48] [49] .
Governing Equations
Mass and energy balances and appropriate efficiencies are written following Rosen et al. [50] and Moran et al. [51] . For a steady state process, general mass and energy balances can be written as: The boiler is divided into two subsystems: combustor and heat exchangers (superheaters and reheater). Mass and energy balances are written for each subsystem, and an overall balance and energy efficiency are found for the boiler.
Fuel and air enter the combustion chamber at ambient conditions and produce the combustion products at T p . For a steady state reacting process involving no work, the energy balance reduces to: (5) Here, , , , , and are the molar flow rate of reactants, molar flow rate of products, molar specific enthalpy of reactants, molar specific enthalpy of the products, and heat loss from the combustor or boiler, respectively.
The molar flow rate of the reactants is the sum of molar flow rates of carbon, hydrogen, oxygen, sulphur, ash, moisture, and air. The molar flow rates of all reactants excluding air are found from the ultimate analysis of the fuels as:
For convenience, the calculations for the ash are done on a mass basis. The mass flow rates of the fuel and ash are found as:
, ,
In equations 5-8, is the molar flow rate of reactant i. Subscripts c and b denote coal and biomass, while the letters P, M, m, and W respectively represent the percent share of co-firing, molecular weight, mass, and weight percent of the respective element, found from ultimate analysis.
The molar specific enthalpy of a compound at a state other than the standard state is sum of the enthalpy of formation of the compound and the specific enthalpy change between the standard state and the state of interest. That is,
The enthalpy flow of reactants to the control volume contains contributions of the fuel and the air. The enthalpy values for several compounds in the analysis at various temperatures are included in the EES database. However, the enthalpy of formation of both coal and biomass are found as follows [52] :
where HHV is found as:
The standard enthalpies of biomass and coal ashes are calculated using their actual compositions, given in Table 1 . The standard enthalpy of ash is the sum of the products of the weight percent and enthalpy for each of the individual ash constituents. The corresponding molecular weights and standard enthalpies of constituents of ash are given in Table 3 .
Change in enthalpies of the fuel and ash are calculated as:
Specific heats at constant pressure of the fuels are calculated by the correlation given in [47] :
,
where , denotes specific heat at constant pressure of fuel (kJ/kg), while F, V 1 , and V 2 are mass fractions of fixed carbon, primary volatile matter, and secondary volatile matter on dry ash free basis, respectively. Fixed carbon is taken from proximate analysis of the fuel. Primary volatile matter is taken to be the amount in excess of 10% on a dry, ash-free basis. The secondary volatile matter is taken to be 10% if the total volatile matter content is greater than 10%. Expressions for the specific heats of fixed carbon, primary volatile matter, and secondary volatile matter follow: The specific heat capacity of fuel in Equation 14 is based on the dry, ash-free basis. In order to determine the specific heat on an as-received basis, the specific heats of ash and moisture are summed in Equation 14. Table 3 . Molecular weights and standard enthalpies of ash constituents [52] . The specific heat of ash is computed by summing the products of the weight percent and specific heat for each component. The specific heats of SO 3 and P 2 O 5 are taken from NIST standard reference data [54] , and the specific heats of other ash constituents are calculated following the relationship [55] :
Constituent Molecular weight (kg/kmol) Standard enthalpy (MJ/kmol)
Values for the coefficients K 0 , K 1 , K 2 , and K 3 for the constituents of ash are given in Table 4 . Table 4 . Coefficients for correlation for specific heat capacity of ash (kJ/kmol) [55] . The contributions of the combustion products leaving the furnace are the flue gases, ash, heat loss due to radiation and convection from the exterior surface of the boiler, and unburned losses due to combustibles in ash. The molar flow rate of the products and the excess air are found from the combustion equation by balancing each element in the reactants and products.
Constituent
Water enters the superheater at state 15 and is heated to the temperature of state 7, while steam enters the reheater at state 8 and exits at state 10. Flue gases after exchanging heat with water exit through the stack to the environment. The energy balance for heat exchangers is:
where , , , ∆ , , , , , , , , and y denote respectively molar flow rate of flue gases leaving the furnace, molar enthalpy of flue gases leaving the furnace, mass flow rate of fly ash, enthalpy change of fly ash, the heat loss associated with incombustibles in the fly ash exiting the stack, molar flow rate of flue gases leaving through stack, enthalpy of flue gases leaving through stack, mass flow rate of steam produced, specific enthalpy of feedwater entering superheater, specific enthalpy of steam leaving superheater, specific enthalpy of steam entering reheater, specific enthalpy of steam leaving reheater, and fraction of steam diverted towards open feedwater heater.
Energy Analysis of Steam Cycle Components
Mass and energy balances are written using equations 3 and 4, and listed in Table 5 . Moreover, overall boiler and plant energy efficiencies can be written as: 
Results and Discussion
To investigate the effect of biomass co-firing on system performance, the overall system performance is investigated in terms of inlet energy flows and the useful plant outputs. Then the performance of individual components is explored in terms of energy losses, and the effect of co-firing on energy efficiencies of boiler and plant is examined.
Several abbreviations are used when comparing the results. The name of a fuel blend is based on the first letter of the coal and first and last letters of the biomass. For example, the abbreviation for the bituminous and rice husk blend is B/RH. The co-firing share of coal (P c ) and the co-firing share of biomass, also named as co-firing ratio (P b ) are defined as: Tables 6 and 7 illustrate the overall system performance parameters for the blends of bituminous coal/biomass and lignite/biomass respectively based on a fixed overall fuel flow rate. The results from these tables show that the energy input and air flow rates to the plant decrease with the addition of biomass. The corresponding heat produced in the boiler and net work outputs also decrease due to the lower inputs to the system. The decrease in energy input depends on the energy density or heating value of the biomass. Since, lignite has a lower heating value than bituminous coal, relatively smaller reductions in input and output parameters are observed for blends of lignite/biomass than bituminous coal/biomass. Moreover, chicken litter has the lowest heating value among the considered biomass fuels, so the largest decreases are observed for its blends. In contrast, sawdust has the highest heating of the considered biomass fuels, so the decreases in these parameters are the smallest for its blends. Compared to the baseline (100% coal firing), the energy input decreases by 14.93% and 8.72% for blends of bituminous coal/chicken litter and lignite/chicken litter respectively when the co-firing share of chicken litter (cofiring ratio) increases from 0% to 30%. The corresponding reductions are 14.12%, 11.68%, 12.39%, 7.62%, 4.18%, and 5.13% respectively for blends of bituminous coal/rice husk, bituminous coal/sawdust, bituminous coal/refuse derived fuel, lignite/rice husk, lignite/sawdust, and lignite/refuse derived fuel.
Effect of Co-firing on Overall System Performance
With less energy input, less air is needed. The decrease in air flow rate also depends on the oxygen and nitrogen contents of the biomass fuel. High oxygen content of biomass decreases the oxygen required for combustion, while high nitrogen content of biomass fuel further decreases the oxygen required for the oxidation of fuel nitrogen to nitric oxide and nitrogen dioxide. With respect to baseline, the air flow decreases by 15.15%, 13.23%, 14.61%, and 14.60% for blends of bituminous coal/rice husk, bituminous coal/sawdust, bituminous coal/chicken litter, and bituminous coal/refuse derived fuel respectively as the co-firing ratio increases from 0% to 30%. Corresponding reductions of 8.31%, 5.50%, 7.50%, and 7.48% are found in the air flow rate for blends of lignite/rice husk, lignite/sawdust, lignite/chicken litter, and lignite/refuse derived fuel.
It is also observed in Table 6 that about 87% of total energy supplied to the boiler is transferred to the steam cycle as useful heat, while around 40% of this useful heat is converted to power. Similarly, it is seen in Table 7 that about 85% of total energy supplied by lignite to the boiler is transferred to steam cycle as useful heat, while around 40% of this useful heat is converted to power. The decrease with cofiring in input parameters, leads to decreases in output parameters. With respect to the baseline, reductions of 14.83%, 12.46%, 15.67%, 13.07%, 8.29%, 4.82%, 9.47%, and 5.71% respectively are seen in useful heat output for blends of bituminous coal/rice husk, bituminous coal/sawdust, bituminous coal/chicken litter, bituminous coal/refuse derived fuel, lignite/rice husk, lignite/sawdust, lignite/chicken litter, and lignite/refuse derived fuel, at a 30% co-firing ratio. But, the corresponding power output decreases by 15.02%, 12.60%, 15.93%, 13.21%, 8.34%, 4.82%, 9.50%, and 5.71% respectively for blends of bituminous coal/rice husk, bituminous coal/sawdust, bituminous coal/chicken litter, bituminous coal/refuse derived fuel, lignite/rice husk, lignite/sawdust, lignite/chicken litter and lignite/refuse derived fuel, at a 30% co-firing ratio.
In case 2, the heat input to the steam cycle is kept constant, and the steam cycle conditions are fixed. Therefore, output parameters are same for all biomass fuels at all co-firing ratios, as can be seen from Tables 8 and 9 . But, energy input increases slightly with the addition of biomass to the fuel mixture. The increase in energy input is due to the losses associated with biomass moisture and ash that necessitates the provision of more biomass than coal to maintain a constant heat rate in the boiler. Table 8 shows that the amount of additional biomass required to produce the same heat as can be produced by burning 1 kg/s of bituminous coal also depends on the energy content of the biomass. It can be seen in Table 8 that when the coal flow rate decreases to 0.70 kg/s, the mass flow rates of rice husk, sawdust, chicken litter, and refuse derived fuel respectively are is 0.60 kg/s, 0.52 kg/s, 0.64 kg/s, and 0.54 kg/s for blends of bituminous coal/rice husk, bituminous coal/sawdust, bituminous coal/chicken litter, and bituminous coal/rice husk. From Table 9 , it is evident that the amounts of additional biomass required to produce same heat as can be produced by burning 1 kg/s of lignite are smaller for lignite and biomass co-firing than for bituminous coal and biomass co-firing. When the lignite flow rate decreases to 0.70 kg/s, the mass flow rate of chicken litter is 0.44 kg/s while that of rice husk, sawdust, and refuse derived fuel is 0.41 kg/s, 0.36 kg/s and 0.37 kg/s respectively. Coal and biomass flow rates for all blends for case 2 (fixed heat input to steam cycle) are compared in Figure 2 .
A slight decrease in air flow rate relative to no co-firing is seen in Tables 8 and 9 with the addition of biomass to the mixture for all fuel blends, except chicken litter blends. In case of bituminous coal/biomass blends, the oxygen required for combustion decreases with the addition of biomass due to higher oxygen content of all considered biomass fuels than bituminous coal. The addition of biomass fuels except chicken litter to fuel blends further decreases the oxygen required for oxidation of fuel nitrogen to nitric oxide and nitrogen dioxide as all considered biomass types except chicken litter contain less nitrogen than bituminous coal. For bituminous coal/chicken litter blend, the respective oxygen and nitrogen contents of chicken litter are 1.45 and 3.27 times that of bituminous coal. Therefore, additional oxygen for oxidation of the nitrogen is needed due to relatively high nitrogen of chicken litter. Hence, the air flow rate increases as the chicken litter fraction increases in the bituminous coal/chicken litter blend. Chicken litter contains less oxygen and more nitrogen than lignite, so relative to the baseline more oxygen is required for the combustion of lignite/biomass blends, resulting in increased air flow rates. 
Effect of Co-firing on Energy Losses
Energy losses, or waste energy emissions to the environment, associated with the boiler are due to moisture in fuel, exit flue gases, ash, unburned combustibles, and radiation and convection from the furnace exterior. The main energy loss for the steam cycle components is heat rejection by the condenser. Table 10 and 11 list energy losses of the system for bituminous coal/biomass blends and lignite/biomass blends respectively based on a fixed fuel flow rate. Overall plant energy losses are seen in Table 10 to be about 65% of the energy input for 100% bituminous coal firing. Around 53% energy loss is occurred in the condenser, energy losses associated with the boiler and flue gases are about 13% and 6% of the energy input respectively. The energy loss due to ash is negligible, whereas the energy loss due to moisture is about 4% of the energy input. Heat losses due to unburned combustibles and radiation and convection are 3% of energy input, as assumed. In case of 100% lignite firing, the overall plant energy losses are about 68% of the energy input and 50% of the energy losses occur in the condenser (see Table 11 ). The energy loss associated with the boiler is about 18% of the energy input. Since, lignite contains more moisture than bituminous coal; the energy loss due to moisture for lignite is greater than for bituminous coal. It is also found that energy losses due to flue gases and ash are smaller for lignite than bituminous coal. Energy losses with flue gas and moisture are found to be around 5.5% and 10% of the energy input respectively.
Energy loss due to fuel moisture is seen in Table 10 to increase with increasing biomass content for all blends except bituminous coal/refuse derived fuel. This observation is attributable to the fact that all considered biomass types except refuse derived fuel contain more moisture than bituminous coal. The energy loss associated with ash is also observed to increase with an increase in biomass content for blends of bituminous coal/rice husk, bituminous coal/chicken litter, and bituminous coal/refuse derived fuel. However, energy loss with the sensible heat of ash decreases with co-firing ratio for the bituminous coal/sawdust blend due to the lower ash content of sawdust than bituminous coal. Energy losses with stack gases are observed in Table 10 to decrease with increasing biomass content in a fuel blend. This is due to decrease in both furnace exit gas temperature and mass flow rate of flue gases. Due to the low temperature of product gas, less heat is transferred to the environment. Whereas increasing biomass fraction in a blend decreases the overall flue gas mass flow rate which results in a further decrease in heat flow to the environment. With respect to base case of 100% coal, the energy loss through stack gas decreases by 14.85%, 12.94%, 14.60%, and 14.42% respectively for blends of bituminous coal/rice husk, bituminous coal/sawdust, bituminous coal/chicken litter, and bituminous coal/refuse derived fuel, at a 30% co-firing ratio. Furthermore, due to a decrease in energy input with an increase of biomass content, the energy losses due to unburned combustibles, and radiation and convection, also decrease. With less energy input, less steam is produced, so heat loss from the condenser decreases with an increase of biomass in the blend. It is evident from Table 11 that energy loss due to moisture decreases with increase of biomass for all lignite blends except lignite/sawdust. Since the selected lignite has higher moisture content than all considered biomass types except sawdust, the moisture loss decreases with increasing of biomass co-firing for blends of lignite/rice husk, lignite/refuse derived fuel, and lignite/chicken litter. The largest decreases are observed for the lignite/refuse derived fuel blend due to the fact that refuse derived fuel has the lowest moisture content of the considered biomass fuels. At 30% co-firing ratio, the energy loss due to moisture decreases by 19.82% with respect to base coal case for the lignite/refuse derived fuel blend. Similar to the bituminous coal/biomass blends, the energy loss with ash also increases with increasing biomass co-firing ratio for all lignite/biomass blends except lignite/sawdust, as can be seen from Table 11 . For the lignite/chicken litter blend, the energy loss with ash increases by 64% when the co-firing ratio increases from 0% to 30%. Further, the energy loss with flue gases decreases with increasing biomass co-firing for all lignite/biomass blends. The energy loss with exhaust gas decreases by 8.09%, 5.33%, 7.73%, and 7.46% for blends of lignite/rice husk, lignite/sawdust, lignite/chicken litter, and lignite/refuse derived fuel as the co-firing ratio increases from 0% to 30%.
The effects of co-firing on energy losses for bituminous coal/biomass and lignite/biomass blends, based on a fixed heat input to steam cycle are shown in Tables 12 and 13 respectively. The energy loss with flue gases is observed in Tables 12 and 13 to increase for rice husk and chicken litter blends and to decrease for sawdust and refuse derived fuel blends. Because of the lower overall mass flow rate of flue gases and lower furnace exit gas temperatures, the energy loss decreases for refuse derived fuel and sawdust blends, as biomass content in the blend increases. However, for rice husk and chicken litter blends, the increased mass flow rate of flue gases results in an increase in energy losses through the stack. This trend again is dependent on both exit flue gas composition and furnace exit gas temperature. From the composition of flue gases, it is found that the net flue gas mass flow rate increases for rice husk and chicken litter blends, while that for sawdust and refuse derived fuel blends decreases with an increase of biomass in the blend. Among the considered biomass fuels, sawdust has the lowest nitrogen content, so the amount of inert nitrogen in the products is also smallest for sawdust blends compared to other blends. The amounts of nitric oxide, nitrogen dioxide, and sulphur dioxide are also smallest for sawdust blends. However, these oxides are negligible in quantity compared to other flue gases, so they affect the overall composition of the flue gases negligibly. For sawdust blends, the decrease in the mass flow rate of nitrogen is observed to be slightly greater than the increase in mass flow rate of other flue gases at all co-firing ratios. Since the temperature of flue gases leaving the combustor also decrease as the amount of sawdust increases in the blend, the energy loss with stack gas decreases slightly for sawdust blends as sawdust content in the blend increases. Similarly, the nitrogen produced for refuse derived fuel blends is smaller than that of rice husk and chicken litter blends at all co-firing ratios. The amount of carbon dioxide produced is also smaller for refuse derived fuel blends at all co-firing ratios with respect to the base coal case. Because of the lower overall mass flow rate of flue gases and the low furnace exit gas temperature, the energy loss with the flue gases decreases for the refuse derived fuel blends with increasing content of refuse derived fuel. For the rice husk and chicken litter blends, the increased mass flow rate of flue gases results in an increase in energy loss through the stack with increasing co-firing ratio.
The trends for energy losses due to ash and moisture for case 2 are the similar as for case 1. However, the magnitudes of the increases or decreases in these losses are found to be larger for case 2 due to the larger amounts of biomass input to the boiler. For the lignite/rice husk blend, for example, the energy loss with moisture increases by 4.42% when the coal flow rate decreases from 1.00 kg/s to 0.70 kg/s (which corresponds to a 37.16% co-firing ratio). Furthermore, due to the increase in energy input, the energy losses due to unburned combustibles as well as radiation and convection increase with increasing biomass content in the blend.
Effect of Co-firing on Efficiencies
The effect of co-firing on boiler energy efficiency based on a fixed fuel flow rate is illustrated in Figures 3 and 4 .
It can be seen from Figure 3 that the boiler efficiency decreases as biomass proportion increases. For all blends, the efficiency decreases by less than 1% at a 30% co-firing ratio with respect to the base coal case. The reduction in efficiency is affected by the heating value, moisture content, and ash content of biomass. If the heating value of biomass is low, the energy input is also low. Also, a high biomass moisture content implies that part of heat supplied is required to vaporize the moisture, while a high biomass ash content results in more sensible heat leaving the combustion chamber with ash. Among the considered biomass fuels, chicken litter has the lowest heating value and the highest ash content. It also contains more moisture than bituminous coal. Therefore, the greatest efficiency reductions in boiler energy efficiency occur for the bituminous coal/chicken litter and lignite/chicken litter blends. When the co-firing ratio increases from 0% to 30%, the boiler energy efficiency decreases from 87.01% to 86.06% for the bituminous coal/chicken litter blend and from 84.69% to 84.01% for the lignite/chicken litter blend. The boiler energy efficiency decrease is the smallest for the refuse derived fuel blends. In comparison with the 100% coal case, the boiler energy efficiency decreases at a 30% co-firing ratio from 87.01% to 86.18% for the bituminous coal/refuse derived fuel blend and from 84.70% to 84.19% for the lignite/refuse derived fuel blend.
It is evident from Figure 4 that the trends for boiler energy efficiency based on a fixed heat input to steam cycle are similar as for case 1, but the magnitude of the efficiency decrease is greater than for case 1 because of the increased fuel input to boiler with increased biomass co-firing. The decline in boiler energy efficiency with co-firing can be seen in Figure 4 to be the greatest for chicken litter blends. This is due to the fact that chicken litter has the lowest heating value of the considered biomass types, causing the highest amount of chicken litter to be needed to produce the equivalent heat as the combustion of 1 kg/s of coal. The boiler energy efficiency is 85.38% for the bituminous coal/chicken litter blend and 83.83% for lignite/chicken litter blend for a coal mass flow rate of 0.70 kg/s, while the corresponding boiler energy efficiencies are 85.71% for the bituminous coal/refuse derived fuel blend and 84.15% for lignite/refuse derived. The trends for plant energy efficiency are similar as those observed for the boiler energy efficiency. In case of a fixed fuel flow rate, the plant energy efficiency decreases from 35.02% to 34.65%, 34.66%, 34.61%, and 34.69% for blends of bituminous coal/rice husk, bituminous coal/sawdust, bituminous coal/chicken litter, and bituminous coal/refuse derived fuel respectively, when the co-firing ratio increase from 0% to 30%. Similarly, the plant energy efficiency decreases from 34.08% for the base coal case to 33.82%, 33.85%, 33.79%, and 33.88% respectively for blends of lignite/rice husk, lignite/sawdust, lignite/chicken litter, and lignite/refuse derived fuel, at a 30% co-firing ratio.
The efficiency declines are greater in case of a fixed heat input to steam cycle than in case of a fixed fuel flow rate. At a coal feed rate of 0.70 kg/s, energy efficiency decreases to 34.40%, 34.43%, 34.35%, and 34.49% respectively for blends of bituminous coal/rice husk, bituminous coal/sawdust, bituminous coal/chicken litter, and bituminous coal/refuse derived fuel. Likewise, the plant energy efficiency decreases to 33.76%, 33.79%, 33.73%, and 33.86% respectively for blends of lignite/rice husk, lignite/sawdust, lignite/chicken litter, and lignite/refuse derived fuel, when the coal flow rate decreases to 0.70 kg/s.
Conclusions
This investigation of the performance of a biomass/coal co-firing power generation system indicates that the addition of biomass in a fuel blend decreases the energy input and air flow rate to the plant when the fuel flow rate is constant. The reduction in energy input depends on the heating value of the biomass. Among the considered biomass fuels, chicken litter has the lowest heating value and, correspondingly, the largest decreases in energy input are observed for its blends. In contrast, the smallest reductions in energy input are found for sawdust blends because they exhibit the highest heating values among the considered biomass types. The decrease in air flow rate depends on the energy input as well as the oxygen and nitrogen contents of the biomass fuel. The air flow rate decreases the most for rice husk blends and the least for sawdust blends. The output parameters (heat produced in the boiler and net work output) also decrease with co-firing due to a decrease in input parameters. The largest and smallest decreases in output parameters respectively are for chicken litter and sawdust blends.
In the case of a fixed heat input to steam cycle, the output parameters are fixed for all biomass fuels at all co-firing ratios. However, the addition of biomass to the fuel blend leads to slight increases in energy input. The increase in energy input is attributable to the losses associated with biomass moisture and ash. Furthermore, the air flow rate decreases slightly with co-firing for all fuel blends except chicken litter blends. The reduction in air flow rate is associated with the higher oxygen and lower nitrogen contents of biomass fuels relative to coals, which reduces the oxygen required for combustion.
In both cases, the energy loss due to moisture increases for all bituminous coal/biomass blends except bituminous coal/refuse derived fuel. The largest increase in energy loss due to moisture is observed for bituminous coal/sawdust because sawdust exhibits the highest moisture content among the considered biomass fuels. On the other hand, the energy loss due to moisture decreases with biomass for all lignite/biomass blends except lignite/sawdust. The largest reduction is found for lignite/refuse derived fuel due to refuse derived fuel having the lowest moisture content among the considered biomass fuels.
The energy loss with ash, increases with biomass co-firing for all blends except sawdust blends. Co-firing of chicken litter results in the highest energy loss through ash due to the fact that the ash content of chicken litter is the highest of the selected biomass fuels.
The energy loss through stack gas decreases for all blends in case 1 due to the decrease in both furnace exit gas temperature and overall mass flow rate of flue gases. For case 2, however, the energy loss through stack gas increases for blends of rice husk and chicken litter and decreases for blends of refuse derived fuel and sawdust.
For a biomass/coal co-firing power plant, the energy efficiencies of the boiler and overall plant decrease as the amount of biomass co-firing increases. For all biomass fuels considered, the reduction in energy efficiency is relatively small at low co-firing ratios (5-10% on a mass basis).
From a thermodynamic perspective alone, co-firing of biomass is thus not worthwhile. However, the efficiency decline can be offset by the benefits of biomass co-firing, which include enhanced plant economics, reduced environmental emissions and substitution of fossil fuels with renewable energy sources. Further research into these parameters appears to be merited, so that a holistic appreciation of the impact of biomass co-firing with coal can be attained.
